A Ca2+-and calmodulin (CaM)-dependent protein kinase of Saccharomyces cerevisiae was partially purified by CaM affinity chromatography of the soluble fraction, and the properties of the enzyme were investigated. The protein kinase activity of the affinity-purified preparation was CaM-dependent protein kinase in the signal transduction of the mating pheromone a factor is also discussed.
ether)-N,N,N',N'-tetraacetic acid (EGTA) and TFP. The conversion to this Ca2+-and CaM-independent form occurred very rapidly under the incubation conditions required for protein phosphorylation by the kinase. At the highest level of conversion, Ca2+-and CaM-independent kinase activity, which was measured in the presence of EGTA and TFP, was nearly equal to the total kinase activity, which was measured in the presence of Ca2' and CaM. A protein with a molecular weight of 58,000 was the major species that was phosphorylated in a Ca2+. and CaM-dependent manner by incubation of the CaM affinity-purified proteins with [y-32P]ATP. The protein kinase activity of the protein with the same molecular weight was demonstrated by in situ protein phosphorylation in sodium dodecyl sulfate-polyacrylamide gels by using casein as the substrate, after removal of the detergent from electrophoresed CaM-binding proteins. These data indicate that phosphorylation of the kinase is responsible for the conversion of enzyme activity. Enzyme regulation by this mode may play an important role in integrating cellular functions during the cell cycle. A possible role for the Ca2+-and CaM-dependent protein kinase in the signal transduction of the mating pheromone a factor is also discussed.
The mating process of the yeast Saccharomyces cerevisiae is regulated by mating pheromones (for a review, see reference 22) . The haploid cell of the ao mating type produces a peptide mating pheromone a factor which arrests the cell division cycle of the haploid cell of the a mating type in the Gi phase of the cycle. Morphologically, the a factor elicits a localized elongation of the cell surface. These processes are assumed to be prerequisites for mating with the a cell, which undergoes similar changes by the action of another mating pheromone a factor produced by an a cell. The arrested a and a cells can then fuse to form a diploid cell. These cellular responses are thought to be mediated by the binding of the mating pheromones to specific receptors on the surface of the respective target cells. However, the signaling mechanism of the mating pheromones is not well understood.
In the course of our studies on the mode of pheromone action in Rhodosporidium toruloides, a basidiomycetous yeast whose mode of sexual cell-cell interactions is analogous to that of S. cerevisiae (1), we found that a lipopeptidyl mating pheromone (rhodotorucine A) induces a very rapid and transient increase in the cellular Ca2+ level in the target cell (15, 16) . Experiments with S. cerevisiae also showed similar characteristic Ca21 changes in mating type a cells in response to a factor (21) . Thus, the primary cellular responses elicited by mating pheromones in yeasts appear to be an increase in cellular Ca2+ levels. Calmodulin (CaM) is a ubiquitous Ca2"-binding protein that regulates many cellular processes in eucaryotes. CaM has been found in yeasts (2, 18) . It has properties similar to those of higher eucaryotes. The action of many mammalian hormones and other extracellular signals has been shown to be mediated by an elevation of the intracellular free Ca2+ level. The finding of Ca2+-and CaM-dependent protein kinases in brain and other tissues suggests that the protein kinase, by responding to the Ca2+ signal, may be involved in the regulation and coordination of numerous cellular processes (for a review, see reference 17). In the sexual signaling of yeasts, Ca2+-and CaM-dependent protein kinases might be involved in a similar manner, responding to the Ca2+ signal produced by the mating pheromones. However, little is known about yeast Ca2+-and CaM-dependent protein kinases. In the present study we demonstrate, using CaM-binding proteins isolated by CaM affinity chromatography from the cytosol proteins of S. cerevisiae, the presence of a Ca2'-and CaM-dependent protein kinase whose activity was modulated to a Ca2+-and CaM-independent form by Ca2'-and CaM-dependent phosphorylation. We suggest that there is a possibility that the modulation of kinase activity by autophosphorylation may play an important role in integrating cellular responses to mating pheromone, which acts as a Ca2+-triggered molecular switch in the cytoplasm. MATERIALS (7) in 10o gels. The radioactivity on the gel was detected by autoradiography, as described previously (13) . Gels were calibrated by using human erythrocyte membrane proteins and bovine serum albumin as molecular weight markers, as described previously (13) .
Detection of protein kinase activity in SDS-polyacry1unide gels. SDS-polyacrylamide slab gels (10% acrylamide) were prepared as described above, except that casein was included in the gel mixture at a final concentration of 1 mg/ml. CaM-binding proteins were solubilized in SDS sample buffer (7) by heating them at 100°C for 1 min before they were subjected to gel electrophoresis. Following electrophoresis, the gel was washed with four changes of 100 ml each of 25 mM HEPES buffer (pH 7.4) with gentle shaking over a period of 6 h at room temperature to remove SDS. The gel was then equilibrated for 1 h in 20 ml of 25 mM HEPES-10 (Fig. 1) Ca2'-and CaM-dependent protein kinase activity was not present at a detectable level in the CaM-binding proteins isolated from Nonidet P-40-solubilized membrane proteins (data not shown). Only the Ca2+-and CaM-dependent protein kinase of the soluble fraction derived from the DEAE-cellulose column eluted with 0.08 M NaCl. The CaM affinity column is further characterized below.
Conversion to a Ca2+-and CaM-independent protein kinase. The effects of preincubating the Ca2+-and CaMdependent protein kinase with Ca2+ and CaM and ATP on the enzyme activity were determined (Fig. 2) . CaM-binding proteins were preincubated under the complete conditions for phosphorylation (i.e., in the presence of Ca2 , CaM, and unlabeled ATP) for various periods of time in the absence of K-casein, and then the Ca2'-and CaM-independent kinase activities (assayed in the presence of EGTA and TFP) and the total protein kinase (assayed in the presence of Ca2+ and CaM) were Effect of various preincubation conditions on the generation of Ca2+-and CaM-independent kinase activity from Ca2+-and CaM-dependent protein kinase. CaM-binding proteins were preincubated in a mixture containing the following: Ca2", CaM, and ATP (complete) (0); Ca2" and ATP (-CaM) (0); CaM and ATP, (-Ca2") (A); Ca2`and CaM (-ATP) (l); Ca2", CaM, and AMP-PNP (x). Preincubation was carried out for 0, 5, and 10 min. Protein kinase activity was assayed for 10 min in the presence of Ca2" and CaM for total kinase activity (dotted line) and in the presence of excess EGTA and TFP for Ca2+-and CaM-independent kinase activity (solid line).
was completed within 5 min of preincubation (Fig. 2) . The maximum Ca2+-and CaM-independent activity achieved by the preincubation was almost equivalent to the total kinase activity. Both activities declined with a prolonged preincubation period. The activity after 60 min of preincubation was about 50% of the control activity (data not shown).
The requirements for enzyme conversion were investigated. When Ca2 , CaM, or unlabeled ATP was omitted from the preincubation mixture, the conversion to the Ca2+-and CaM-independent form did not occur (Fig. 3) . The results of these experiments indicate that Ca2 , CaM, and ATP are all essential for the generation of the Ca2+-and CaM-independent form of the enzyme, which is consistent with the requirements for Ca2+-and CaM-dependent protein kinase activity. The effect of the presence of the nonhydrolyzable ATP analog AMP-PNP during the preincubation period on the enzyme conversion was examined. No detectable extent of conversion to the Ca2+-and CaM-independent form occurred by incubating the enzyme in the presence of AMP-PNP (Fig. 4) . In this experiment, the total kinase activity measured in the presence of AMP-PNP was about 50% of the control, possibly because of competitive inhibition of the protein kinase activity by the analog. (The concentration of the analog that was present during the enzyme assay was equal to that of ATP.) The absence of Ca2" and CaM, proteins with molecular weights of 58,000 and 71,000 were labeled under the two conditions (Fig. 4A ). Among these, the 58,000-dalton protein was phosphorylated markedly in a Ca2+-and CaM-dependent manner. To identify the catalytic subunit of the protein kinases in the CaM affinity-purified protein fraction, we used the gel overlay method developed by Geahlen et al. (4) . CaM-binding proteins were first separated by SDS-polyacrylamide gel electrophoresis in a gel containing 1 mg of casein per ml. SDS was removed from the electrophoresed proteins by extensive washing of the gel with buffer, and then phosphorylation was performed by incubating the gel with 40 ,uCi [.y-32P]ATP in the presence or absence of Ca2"
and CaM (Fig. 4B) . A radioactive band labeled in a Caand CaM-dependent manner appeared at the position corresponding to a molecular weight of 58,000. The results indicate that the 58,000-dalton protein labeled by endogenous phosphorylation is itself a protein kinase.
DISCUSSION
In the present study, we demonstrated a Ca2+-and CaM-dependent protein kinase activity among the CaMbinding proteins of the cytosol fraction of S. cerevisiae. The enzyme activity was stimulated severalfold by the simultaneous presence of Ca2' and CaM (Fig. 1) . When the enzyme was preincubated under the conditions for phosphorylation, the protein kinase was rapidly converted to a form that was active even in the absence of exogenously added stimulators (Fig. 2) . Ca2+-and CaM-independent activity at the highest level of the enzyme conversion was nearly equal to the total kinase activity measured in the presence of Ca2+ and CaM. The enzyme conversion occurred only under conditions required for the phosphorylation of an exogenous substrate K-casein by the Ca2+-and CaM-dependent kinase (Fig. 3) . A nonhydrolyzable ATP analog AMP-PNP could not substitute for ATP, suggesting that the transfer of phosphate is required for enzyme conversion.
Protein bands with molecular weights of 58,000 and 71,000 that were labeled in a Ca2+-and CaM-dependent manner by endogenous phosphorylation of the CaM-binding proteins are likely to be candidates for Ca2+-and CaM-dependent protein kinase (Fig. 4A) . The protein kinase activity of the 58,000-dalton protein was demonstrated by in situ protein phosphorylation in SDS-polyacrylamide gels after removal of SDS from electrophoresed CaM-binding proteins (Fig.  4B) . These results suggest that phosphorylation of the 58,000-dalton protein is most likely responsible for the generation of Ca2+-and CaM-independent activity. To determine definitively that the modulation of yeast kinase activity is indeed caused by autophosphorylation, characterization of the purified enzyme is necessary.
Little change in the total kinase activity, which was measured in the presence of Ca2" and CaM, was observed before or after the enzyme conversion ( Fig. 3 and 4) , indicating that the kinase is specifically affected in its Ca2'
and CaM requirement. The Ca2+-and CaM-independent kinase activity decreased slowly to about 50% of the original activity after 60 min of preincubation (data not shown). It may have been caused by the thermal instability of phosphorylated enzyme (Ca2+-and CaM-independent kinase) in the in vitro reaction system that was used, as has been suggested to occur with mammalian enzymes (8) . Alternatively, the inactivation may have a physiological role in the signaling system to eliminate the signal once it is generated. Little is known about yeast Ca2+-and CaM-dependent protein kinases. The presence of Ca2+-and CaM-dependent protein kinase(s) was recently reported in CaM affinitypurified soluble proteins of S. cerevisiae (9) . The enzyme was not characterized, but from the procedures of the enzyme preparation, the protein kinase activity reported by the authors appears to be identical to ours. The yeast Ca2+-and CaM-dependent protein kinase revealed in the present study has features very similar to those of mammalian Ca2+-and CaM-dependent protein kinase (type II CaM kinase) whose activities have been reported to be regulated by autophosphorylation (8, 10, 12, 19) . The autonomous enzyme modulation in brain tissue is assumed to play an important role in signal transduction. Ca2+ and CaM are indispensable for the growth of yeasts (3). The enzyme may play an important role in integrating cellular functions during the cell cycle. The yeast Ca2+-and CaM-dependent protein kinase may also be involved in the signal transduction of mating pheromones. It seems likely that the enzyme becomes phosphorylated in a Ca2+-and CaM-dependent manner because of a short rise in the intracellular free Ca2+ concentration induced by mating pheromone (21) , and the modified enzyme remains active after the intracellular Ca2+ concentration returns to basal levels. Thus, the yeast Ca2+-and CaM-dependent protein kinase could be an essential component of the signal transducing machinery of mating pheromone, functioning as a molecular switch that remains active after the decay of the transient Ca2+ signal. It will be important to determine whether protein kinase is independent of its activators in vivo.
